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E-mail address: agouveia@quimica.ufpb.br (A.G. SoCurrently, biodiesel, a biofuel obtained from vegetable oils or animal fats, is becoming increasingly
important in power generation. The properties of biodiesel are tied to the chemical composition of the
oil or fat from which it was obtained. Esters prepared with saturated fatty acids have a high cloud point,
high viscosity, while the unsaturated esters are less viscous and more easily oxidized. In this sense, the
present study aimed to evaluate the oxidative stability as well as the hydrodynamic properties of quater-
nary mixtures of soybean (SBO), cotton (CTO), jatropha curcas (JCO) and babassu oils (BBO). The samples
M4O (12.50 JCO:25.00 SBO:12.50 CTO:50.00 BBO, w/w%) and SBO showed the best kinematic viscosities,
while the samples M1O (16.67 JCO:33.33 SBO:33.33 CTO:16.67 BBO, w/w%) and CTO showed the best
pour point and ﬂuidity point. The oxidation induction time (OIT) was measured using pressure differen-
tial scanning calorimetry (PDSC) and also Rancimat and Petro-Oxy apparatuses. The replacement of the
studied individual oils by their quaternary mixtures was shown to improve the deﬁciencies of the indi-
vidual oils. Among the individual oils, BBO displayed the highest and CTO the lowest OIT values. As for the
mixtures, the best and the worst OIT were M4O and M1O, respectively. When the oxidative stability and
cold ﬂow properties were analyzed together, the sample that showed the best performance of them all
was M3O (14.29 JCO:42.86 SBO:14.29 CTO:28.56 BBO, w/w%).
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Brazil is a country where there is a wide range of oils with po-
tential to be used as feedstock to produce biodiesel [1,2]. Despite
this diversity in agriculture, the main source of raw material has
been soybean oil (77%) and beef tallow (22%) and the remaining
oil from other oilseeds (including castor oil) [3]. Even though Brazil
is the second largest producer of soybeans, the current level of pro-
duction of soybean oil is not enough to supply a comprehensive ap-
proach for this new market segment, production of biodiesel,
making the inevitable complement to other oil sources [4].
The fuel properties of biodiesel are in large part determined by
its constituent fatty acid methyl esters. Typical biodiesel fuels are
primarily comprised in varying amounts of ﬁve common fatty es-
ters; palmitic, stearic, oleic, linoleic, linolenic. As a result, among
the technical deﬁciencies of biodiesel relative to petroleum diesellsevier OA license. 
uza).fuel, are poor oxidative stability and cold ﬂow properties [5]. Esters
prepared with saturated fatty acids have a high cloud point, high
viscosity and high probability of clogging the nozzle of the engine.
However, the esters of fatty acids that have many instaurations are
less viscous and oxidize easily. An immediate consequence of the
heterogeneity in oils used in the synthesis of biodiesel is the ﬂuc-
tuation in the chemical composition of biodiesel produced. This
ﬂuctuation causes different behaviors between the biodiesels pro-
duced with a single type of oil, and the biodiesel produced from a
mixture of various types of oils.
Usually, studies on biodiesel described in the literature provide
information about single oil and its properties. There are few stud-
ies of mixtures of different starting materials for the production of
biodiesel. Meneghetti et al. have studied biodiesel viscosity of oils
produced from castor beans, soybeans and animal fat [6]. Lebedeva
et al. studied the use of a mixture of three components, pork lard,
beef tallow and linseed oil with diesel oil and found a reduction in
the emission and harmful components. [7]. Their best result corre-
sponded to an overall biodiesel content of 30%. The quality
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blend. Dias et al. have studied biodiesel mixtures of soybean oil
and pork lard, using characterization tools as gas chromatography,
acid value, iodine value and water content [8]. Issariyakul et al.
studied biodiesel from mixtures of canola oil and frying oil, using
techniques with gel permeation chromatography (GPC) and DSC,
emphasizing the low-temperature ﬂow property, very important
for the use in cold-climate countries [9]. Bhatnagar et al. have
investigated the oxidative stability, kidnapping of radical-free bio-
diesel obtained by mixing coconut oil and others as sunﬂower, soy-
bean oil, palm, rice bran, mustard and raw peanuts. In this study
they made binary mixtures of the oils mentioned in different pro-
portions [10]. Moser has investigated the oxidative stability of
FAME’s that are found in biodiesel by accelerated methods as Ranc-
imat (EN14112) and pressurized DSC (PDSC) [11].
In terms of a higher number of components, only one investiga-
tion focused on quaternary blends. Moser reported the properties
of a blend of canola, palm, soybean and sunﬂower oils, at a ratio
of 1:1:1:1 [12].
The fuel control agencies of various countries impose strict
quality demands that single oils can difﬁcultly meet. Another
important factor is that the industries should use raw materials
that are easily available, thus they must use typical oils of each re-
gion and each country. For these reasons, there is a tendency for
biodiesel industries to use oil blends to meet the requirements of
quality and it is therefore necessary to study the properties of mix-
tures of oils.
The properties of biodiesel tend to display the same properties
of the oil fromwhich it was prepared. The variety of oils that can be
produced in Brazil is quite extensive including babassu, jatropha
curcas, cotton and soybeans oils. This fact, combined with the need
to diversify the raw materials used to supply the biodiesel market,
justify the importance of studying the different types of oil and
mixture thereof. Therefore, the aim of the current study was to
analyze the ﬂow behavior of single oils and quaternary mixtures
of soybean (SBO), cotton (CTO), babassu (BBO) and jatropha (JCO)
oils, at different proportions, and their oxidative stability. Charac-
terization techniques as PDSC, Rancimat and Petro-Oxy were em-
ployed in the present study.2. Material and methods
Most of the vegetable oils used in this study are available in the
Brazilian market. Cans of the commercial brands Primor (SBO),
Cristal (BBO) and Campestre (CTO) were purchased, in a local mar-
ket, from different manufacturers. Conversely, the sample (JCO)
was extracted directly from the seeds. The quaternary mixtures
were prepared in ﬁve different proportions, as showed in Table 1.
The fatty acid composition, rheological behavior, cloud point,
pour point, viscosity and oxidative stability of the different oils
and quaternary mixtures were determined.
The samples were analyzed by gas chromatography coupled to
a mass spectrometer (GC/MS), Shimadzu, model QP 2010 GC–MS,
capillary column Durabond, stationary phase DB-5HT (30 m length,
0.319 mm internal diameter and 0.10 mm thick). Volume samplesTable 1
Proportions of the JCO, SBO, CTO and BBO oil samples, in the quaternary mixtures.
Quaternary mixtures JCO:SBO:CTO:BBO proportions % (w/w)
M1O 16.67: 33.33: 33.33: 16.67
M2O 33.33: 33.33: 16.67: 16.67
M3O 14.29: 42.86: 14.29: 28.56
M4O 12.50: 25.00: 12.50: 50.00
M5O 22.22: 22.22: 11.11: 44.45(1.0) mL were injected when the injector temperature of 230 C,
with helium as the carrier gas and a ﬂow rate of 3.0 mL min1.
The temperature of the column followed the schedule described
in Table 2.
The fatty acids present in oils and quaternary mixtures were
identiﬁed by comparison with the standard spectra of the library
software (Mass Spectral Database-NIST/EPA/NIH), while quantita-
tive measurements were made by integrating the chromatographic
peak areas, according to the retention times of each fatty acid.
The methodology recommended by the ofﬁcial AOCS (American
Oil Chemist’s Society), method Cd 1-25 was applied for the deter-
mination of the iodine value.
The rheological behaviors of the samples were determined in a
Brookﬁeld viscometer, model DVII LD, with small adapter, spindle
31 at 25 C, with the temperature controlled within ±1.0 C. The
cloud point (CP) and pour point (PP) were determined in a Tanaka
MPC-102L equipment, in accordance with the ASTM D 2500 and
ASTM D 1997 standards. The kinematic viscosity was determined
in a viscometer ISL, TVB-445 model, at 40 C, according to the
ASTM D 445 standard. The oxidative stability was determined in
a Metrohm 743 Rancimat equipment, according to EN 14112 stan-
dard. The data were compared with the PDSC curves that were ob-
tained using a differential scanning calorimeter TA Instrument,
DSC Q 1000 model, coupled to a pressure cell, using a platinum
crucible with 10 mg of sample under a pure oxygen atmosphere
at the pressure of 1400 kPa, heating rate of 5 C min1, at 110 C.
The oxidative stability was also determined in Petrotest 413
Petro-Oxy equipment. In the Petro-Oxy, 5 mL of the sample were
added to the equipment, at room temperature and then pressur-
ized in a pure oxygen atmosphere at 700 kPa. After the sample
addition, the temperature was increased to 110 C and the pressure
was raised to 910 kPa.3. Results and discussion
The properties of oils, such as oxidative and ﬂuid dynamic are
directly related to the fatty acid composition of their component
esters. Table 3 shows the chromatographic data of the samples. It
can be noticed that the composition proﬁles found in the literature
are analogous to the chromatographic results of the oils analyzed
(JCO, BBO, CTO and SBO). The predominant fatty acids in the sam-
ples JCO and BBO were oleic (43.01%) and lauric (26.51%), respec-
tively. In the samples SBO and CTO the predominant fatty acids
were linoleic acid (50.89 and 53.19%).
In the BBO sample, short chain fatty acids prevail. This is a un-
ique feature among the oils. The percentage of unsaturated fatty
acids decreases in the following order: SBO > CTO > JCO > BBO. This
tendency was conﬁrmed by the iodine values, and the analyses
suggest that the oxidative stability increases in the same order.
However, the stabilities of SBO and CTO were inverted. Such inver-
sion might be explained because the sample SBO was obtained
from commercial oils, to which usually TBHQ and citric acid are
added.
Meneghetti et al. [6] have analyzed the composition of some
vegetables oils. For SBO and CTO they found the following values
of unsaturated fatty acids: 83.20 and 75.00%.Table 2
Gas chromatograph programming.
Oven temperature
Initial temperature 130 C 1 min
Heating slope 1 2 C min1 up to 180 C 1 min
Heating slope 2 1 C min1 up to 200 C 5 min
Heating slope 3 20 C min1 up to 230 C 1 min
Table 3
Composition proﬁles of the fatty acids present in JCO, SBO, CTO, BBO and their quaternary mixtures.
Fatty acid (%) JCO SOB CTO BBO M1O M2O M3O M4O M5O
Caprylic (C8:0) n. d. n. d. n. d. 3.85 n. d. 0.74 n. d. n. d. n. d.
Capric (C10:0) n. d. n. d. n. d. 4.97 0.55 0.84 1.10 2.35 2.01
Lauric (C12:0) n. d. n. d. n. d. 26.51 5.25 7.26 10.67 10.31 9.66
Myristic (14:0) n. d. n. d. 0.19 21.61 2.94 3.17 4.20 9.21 7.31
Palmitic (C16:0) 15.13 11.03 13.32 13.85 14.09 12.95 11.78 13.10 12.87
Palmitoleic (C16:1) 0.74 n. d. 0.15 n. d. 0.23 0.31 0.15 0.15 0.26
Stearic (18:0) 8.89 5.32 4.20 6.63 6.52 6.16 5.13 5.60 5.64
Oleic (C18:1) 43.01 24.15 26.47 22.60 27.00 29.31 25.12 25.82 28.40
Linoleic (C18:2) 32.05 53.19 50.75 0.10 38.70 36.03 38.28 30.87 31.84
Linolenic (C18:3) n. d. 6.07 4.25 n. d. 4.17 2.83 3.34 2.40 2.01
Arachidic (C20:0) 0.13 n. d. 0.46 n. d. 0.45 0.25 0.23 0.18 n. d.
Arachidonic (C20:1) n. d. n. d. 0.21 n. d. 0.10 n. d. n. d. n. d. n. d.
Saturated 24.15 16.35 18.17 72.42 29.79 31.37 33.11 40.75 37.49
Unsaturated 75.80 83.41 81.83 22.70 70.20 68.48 66.89 59.24 62.51
Iodine value 102.2 128.6 126.3 24.5 101.0 101.7 89.22 69.94 73.73
n. d.: not detected.
Table 4
Absolute and kinematic viscosity of JCO, SBO, CTO, BBO oil and their quaternary
mixtures.
Samples Absolute
viscosity (mPa)
SDa Conﬁdence
limit (%)
Kinematic viscosity
(mm2 s1)
JCO 52.55 0.354 98.0 37.68
SBO 47.94 0.158 96.5 32.23
CTO 52.55 0.421 99.0 34.47
BBO 45.10 0.465 90.9 29.66
M1O 50.50 0.123 98.5 34.09
M2O 50.98 0.125 98.5 32.65
M3O 49.34 0.179 97.4 31.46
M4O 46.74 0.418 95.9 30.92
M5O 49.15 0.192 96.5 31.38
a Standard deviation.
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acids in BBO as 16.00%. In the literature, jatropha curcas oil was re-
ported as displaying about 88.00% of unsaturated fatty acids,
including oleic (60.00%), linoleic (19.00%) and linolenic (9.00%)
[9,14].
Upon analyzing the chromatographic proﬁles of the individual
oils and their mixtures, Table 3, it was observed that there was het-
erogeneity of fatty acids in the individual oils, which reﬂected di-
rectly in the oil mixture compositions. The different amounts of
unsaturated fatty acids in the oil mixtures directly inﬂuence the
oxidative, thermal and ﬂuid dynamic properties. The samples with
a higher degree of unsaturation are expected to display better ﬂow
properties and lower oxidative stabilities.
According to the literature, SBO, CTO and JCO have good ﬂow
properties, both at low and room temperature, due to the high de-
gree of unsaturated fatty acids. The low temperature ﬂow of BBO is
hampered, since saturated fatty acids are predominant. Thus, it is
expected that the amounts of saturated and unsaturated fatty acids
inﬂuence the rheological properties of the oil samples.
The results presented in Table 4 reveals that among the oils ana-
lyzed, BBO displays the lowest absolute and kinematic viscosities.
This behavior is mainly attributed to the predominance of short
chain-saturated fatty acids [13], which leads to an easy ﬂow at tem-
peratures above 25 C. According to the literature, these oils have a
large amount of fatty acids C18:1, C18:2 and C18:3 [9,14–16].
The viscosity of oils and mixtures determined in this work
shows that the inﬂuence of fatty acid composition of the triacylgly-
cerides was noticeable. The mixture M4O, in which the percentage
of BBO was the highest, presented the lowest viscosity. The highest
viscosities were observed for the samples M1O and M2O, whichdisplay the lowest amounts of BBO. It should be stressed that all
the mixtures displayed lower viscosities than the ones for pure
JCO and CTO. Thus, it can be inferred that the biodiesels obtained
from such mixtures will also display lower viscosities, leading to
a better ﬂow and combustion of such fuels.
The viscosity of a fuel increases when the temperature de-
creases. Thus, the ﬂow of a sample is also related to its tempera-
ture. At lower temperatures, occurs an increase in viscosity, a
decrease in the ﬂow, and even the formation of crystals. So, the
cloud point and pour point provide important information on the
low temperature characteristics of triacylglycerides.
According to Table 5, among the individual oils, BBO presented
the highest cloud point and pour point. This behavior is caused by
the easy packaging of its saturated fatty acids. The data in Table 5
also showed an improvement in the cold ﬂow properties of quater-
nary mixtures. The cloud point and pour point of the mixture M4O
and M50 were the highest among these quaternary mixtures,
although well below the values for pure BBO, thus evidencing a po-
sitive inﬂuence of the mixture as for the related properties. The
mixtures M1O and M2O showed the best cold ﬂow properties
and it is noteworthy that these mixtures have the highest amounts
of unsaturated fatty acids (Table 3).
The oxidative stability is a very important fuel property, be-
cause it provides relevant information about storage, whose
importance increases in warm climates. The speed of oxidation de-
pends on the number and position of double bonds, since allylic
hydrogens are more susceptible to oxidation.
The oxidative stability was studied by the techniques of PDSC,
Petro-Oxy and Rancimat. The data are displayed in Fig. 1 (PDSC),
Fig. 2 (Petro-Oxy), Fig. 3 (Rancimat) and Table 6. The results
showed that BBO exhibited the highest oxidative stability, fol-
lowed by JCO, and CTO, respectively.
This behavior occurs because the unsaturation degree of BBO is
the lowest among the individual oils. The other individual oils con-
tain signiﬁcant amounts of linoleic acid, which has double bonds at
C-9 and C-12 and a bis-allylic hydrogen at C-11 and linolenic acid
that has double bonds at C-9, C-12 and C-15, then it has two pro-
tons in bis-allylic positions at C-11 and C-14. Those bis-allylic
hydrogens in polyunsaturated fatty acids are much more suscepti-
ble to autoxidation than the hydrogens in allylic positions [17].
Although SBO has a greater amount of unsaturated fatty acids, it
showed a better stability than CTO. This result was expected, since
the SBO sample was from a reﬁned oil, to which antioxidant addi-
tives such as TBHQ and citric acid were added. The decreasing or-
der of oxidative stability is: BBO > JCO > SBO > CTO. Tang et al. [18]
analyzed the cottonseed oil in the Rancimat equipment and
Table 5
Cold ﬂow properties of JCO, SBO, CTO, BBO and their quaternary mixtures.
Samples Cloud point (C) Pour point (C)
JCO 2.0 1.0
SOB 4.0 4.0
CTO 5.0 4.0
BBO 18.0 17.0
M1O 5.0 4.0
M2O 4.0 4.0
M3O 3.0 2.0
M4O 11.0 11.0
M5O 9.0 8.0
Fig. 1. PDSC isotherm curves (T = 110 C) of JCO, BBO, SBO, CTO and their
quaternary mixtures.
Fig. 2. Petro-Oxy isotherm curves (110 C) of JCO, BBO, SBO, CTO and their
quaternary mixtures.
Fig. 3. Rancimat curves (110 C) of JCO, BBO, SBO, CTO and their quaternary
mixtures.
Table 6
Oxidative induction times of JCO, BBO, SBO, CTO and their quaternary mixtures, using
the PDSCa, Petro-Oxyb and Rancimatc techniques.
Sample OIT (min)a OIT (min)b OIT (h)c
JCO 242.02 295.53 6.93
BBO >596.19 >677.01 >45.00
CTO 90.43 107.14 3.49
SBO 152.45 189.33 11.46
M1O 155.94 183.49 5.62
M2O 153.58 192.35 6.08
M3O 175.57 239.43 11.27
M4O 226.82 297.29 13.69
M5O 216.59 288.00 12.81
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same type of oil using PDSC and obtained an OIT of 3.38 h. Both re-
sults are in accordance with the results obtained in this work.
Freire et al. [20] investigated the oxidative stability of jatropha
curcas oil by means of PDSC. They found that the stability depends
on the storage time of the seeds, i.e., the oil extracted from older
vintages presented lower oxidative stability. The oxidation induc-
tion time ranged from 11.2 min to 31.9 min for the worst and the
best result, respectively. Thus, the present result for JCO
(242.02 min) was higher than the values reported by Freire et al.,
because the oil has been extracted immediately after harvesting.The order of the OIT values for SBO and JCO obtained by PDSC
and Petro-Oxy is different from the order obtained by Rancimat
(Fig. 3). In the PDSC and Petro-Oxy techniques, the analyses were
carried out at 110 C. Conversely, the Rancimat technique, differ-
ently from the other two, is not pressurized; the sample is submit-
ted to bubbling air at room pressure.
In the PDSC and Petro-Oxy techniques, the pressure forces the
addition of oxygen to the double bond, whereas in the Rancimat
this occurs to a lesser extent. Moreover, in the Rancimat, the OIT
is measured by conductivity, caused by the presence of conductive
compounds formed during the test. Ferrari et al. [21] reported for
reﬁned soybean oil, an OIT of 132 min at 105 C and 238 min at
100 C by means of the Rancimat technique. The authors deter-
mined the chemical composition of such oil with 55.41% of linoleic
acid, 3.80% of linolenic acid and 24.89% of oleic acid. The results
from Ferrari and co-workers are in accordance with the results ob-
tained in this work and support the hypothesis of the presence of
an antioxidant such as TBHQ in SBO.
The mixture that displayed the highest OIT was the M4O
(Table 6), followed by M5O, and M3O. The results from these mix-
tures were higher than those for pure CTO and SOB, suggesting that
the biodiesels obtained from these mixtures will present a better
oxidative stability than the biodiesels from pure CTO and SBO.
Such result was expected, since OIT is directly related to the per-
centage of unsaturated fatty acids, and the sample M4O showed
the lowest degree of unsaturation. The samples M1O and M2O
did not present the same behavior in all three techniques. When
measured by the PDSC technique, the M1O showed the highest
OIT. However, the employment of the Petro-Oxy and the Rancimat
techniques showed that the M2O sample was more stable than the
M1O.
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lyzed together, among the samples of individual oils and their qua-
ternary mixtures, the one that showed the best performance was
M3O (14.29 JCO:42.86 SBO:14.29 CTO:28.56 BBO, w/w%).
The replacement of the studied individual oils by their quater-
narymixtureswas shown to improve the deﬁciencies of the individ-
ual oils. These deﬁciencies are related to high viscosity (JCO and
CTO), highpour coldﬂowproperties (BBO) andpooroxidative stabil-
ity (CTOand SBO). As for the oxidative stability,most of themixtures
weremore stable than the individual oils CTO (PDSC, Petro-Oxy and
Rancimat), SBO (PDSC and Petro-Oxy) and JCO (Rancimat).
Therefore the mixtures of oils with different fatty acid composi-
tion can be a viable alternative to improve the different properties
investigated, allowing also to reduce costs with the addition of
antioxidants to the biodiesel.
4. Conclusions
It was concluded that all properties are intimately linked to the
fatty acid composition in the samples, i.e., samples with lower de-
gree of unsaturation, showed better oxidative stability and im-
proved ﬂow at 40 C.
Among the samples of individual oils, the ones that displayed
the lowest viscosities were SBO (highest content of unsaturated es-
ters) and BBO (due to the high content of low chain saturated es-
ters). As for the cold ﬂow properties, CTO was the sample that
showed the best cloud point and pour point, followed by SBO. This
fact was attributed to the higher degree of unsaturated esters, con-
sequently to the difﬁcult packing at low temperatures. Among the
blends it can be concluded that M4O displayed the lowest viscos-
ities and the worst cloud point and pour point, mainly due to the
highest amount of saturated esters and its easy packing.
The results showed that the mixing of JCO, SBO, CTO and BBO in
different proportions leads to an improvement in physico-chemical
parameters, such as absolute and kinematic viscosity, pour point,
cloud point and oxidative stability. When the oxidative stability
and cold ﬂow properties were analyzed together, among the sam-
ples of individual oils and their quaternary mixtures, the one that
showed the best performance was M3O (14.29 JCO:42.86
SBO:14.29 CTO:28.56 BBO, w/w%).
The replacement of the studied individual oils by their quater-
nary mixtures was shown to improve the deﬁciencies of the indi-
vidual oils. These deﬁciencies are related to high viscosity (JCO
and CTO), high pour cold ﬂow properties (BBO) and poor oxidative
stability (CTO and SBO). As for the oxidative stability, most of the
mixtures were more stable than the individual oils CTO (PDSC, Pet-
ro-Oxy and Rancimat), SBO (PDSC and Petro-Oxy) and JCO
(Rancimat).
Therefore the mixtures of oils with different fatty acid composi-
tion can be a viable alternative to improve the different properties
investigated, allowing also to reduce costs with the addition of
antioxidants to the biodiesel.Acknowledgments
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